One proposed function of long styles is to intensify selection among male gametophytes relative to short styles. If so, given sufficient competition, longer styles will have higher rates of pollen tube attrition (failure to reach the style base) within the style than shorter ones. Alternatively, style length may infl uence pollen receipt, which itself may aff ect attrition rates.
Diff erences in fl oral structure and morphology among taxa and between genders have been interpreted as adaptations to alternative mating systems, pollination syndromes, and gender-specifi c reproductive costs, and as evolutionary responses to sexual selection on traits associated with increases in male fi tness ( Bell, 1985 ; Conner et al., 1996 ; Barrett, 2002 ; Barrett and Harder, 2005 ; Jacquemyn et al., 2005 ; Carlson and Harms, 2006 ; Ruan et al., 2011 ; Temeles et al., 2012 ; Barrett and Hough, 2013 ) . Similar to many fl oral traits, style length exhibits notable phenotypic variation within natural populations of many homomorphic plant species (i.e., excluding heterostylous species), as well as among taxa ( Elmqvist et al., 1993 ; Ganeshaiah et al., 1999 ; Klinkhamer and van der Veen-van Wijk, 1999 ; Sarkissian and Harder, 2001 ; Travers and Shea, 2001 ; Bernasconi et al., 2007 ; Nattero and Cocucci, 2007 ; Kulbaba and Worley, 2008 ; Nattero et al., 2010 ; Forrest et al., 2011 ; Medrano et al., 2012 ; Jia and Tan, 2012 ; Wright et al., 2012 ) . Th is variation has motivated a number of experimental, observational, and comparative approaches to explain its ecological function and the evolutionary signifi cance of variation both within and among species.
Experimental work has identifi ed reproductive and ecological functions of style length in several species ( Mulcahy and Mulcahy, 1975 ; Johnston, 1993 ; Forrest et al., 2011 ) . Within-population surveys have examined phenotypic correlations between style length and other traits, such as functional gender, herkogamy, the number of pollen tubes within the style, pollen deposition by different pollinators, and corolla depth ( Mulcahy, 1979 ; Campbell, 1989 ; Klinkhamer and van der Veen-van Wijk, 1999 ; Bernasconi et al., 2007 ; Nattero and Cocucci, 2007 ; Forrest et al., 2011 ; Medrano et al., 2012 ) . Comparisons between species that diff er in style length have been conducted to detect associated diff erences in other traits that may explain its function, such as pollen attrition rate, mating system, fl ower size, pollen size, and pollen tube growth rate ( Plitmann, 1993 ( Plitmann, , 1994 Smith-Huerta, 1996 ; Bigazzi and Selvi, 2000 ; Johnson et al., 2010 ; Ramesha et al., 2011 ; Taylor and Williams, 2012 ) . Simulations have been used to test hypotheses concerning the intensity of gametophytic competition and selection as a function of style length ( Lankinen and Skogsmyr, 2001 ; Travers and Shea, 2001 ). In addition, genetic correlations between style length and other traits that infl uence individual fi tness have been identifi ed, which may constrain its independent evolution ( Sarkissian and Harder, 2001 ; Kulbaba and Worley, 2008 ) .
Th e ubiquity of style length variation within and among taxa has generated a good deal of speculation concerning its adaptive signifi cance. Th e proposed functions of long relative to short styles include (1) greater exsertion of the stigma from the corolla tube to provide access to the pollen-bearing portions of pollen vectors' bodies, facilitating pollen receipt by the stigma ( Bernasconi et al., 2007 ) ; (2) increased herkogamy, thereby reducing autogamous selfpollination and increasing the diversity of pollen donors ( Barrett, 2002 ) ; (3) the reduction or prevention of fungal spore receipt ( Elmqvist et al., 1993 ) ; (4) increased pollen deposition, thereby increasing gametophytic competition during the autotrophic stages of pollen germination and pollen tube growth (sensu Stephenson et al., 2003 ; Erbar, 2003 ) , and increasing the genetic quality of pollen tubes that reach the style, the ovary, and receptive ovules; and (5) increasing the distance across which pollen tubes must compete after they enter the style, allowing small diff erences among pollen genotypes in pollen tube growth rate to result in signifi cant diff erences in siring success ( Mazer et al., 2010 ; Ramesha et al., 2011 ) . Both (4) and (5) propose that style length will infl uence the probability that relatively low-quality pollen will reach the ovary.
If long styles intensify prefertilization selection as pollen tubes grow through them, then, within species, relatively long styles may exhibit higher rates of pollen failure (or pollen attrition, sensu Waser et al., 1987 ; Cruzan, 1989 ) than short styles. While selection against inferior pollen genotypes can occur independent of variation in style length or the number of conspecifi c pollen grains that have been deposited on a stigma, the opportunity for selection to operate on variation among male gametophytes in lifespan or in pollen tube growth rates may be stronger in relatively long styles for at least three reasons. First, pollen genotypes with short lifespans may be unable to reach the base of a long style before they die. Second, in relatively long styles, slow-growing pollen genotypes may fail to reach the ovary before the style itself senesces and stops provisioning pollen tubes during the heterotrophic growth stage (i.e., while navigating the style). Th ird, any diff erences in pollen tube growth rates between relatively fast-and slow-growing pollen genotypes will be enhanced in longer relative to shorter styles, providing the opportunity for selection to distinguish more eff ectively between relatively small diff erences in growth rate.
We tested the prediction that style length is positively correlated with pollen attrition by collecting senescing styles from multiple populations of two predominantly insect-pollinated and outcrossing Clarkia taxa: C. unguiculata and C. xantiana subsp. xantiana . Stigmas and styles were assessed for the number of pollen grains that adhered to the stigma and for three measures of pollen attrition: the proportion of pollen grains per stigma that failed to reach the base of the stigma (which was not a priori expected to be associated with style length); the proportion of pollen tubes that entered the style but failed to reach the base of the style; and the proportion of pollen grains that adhered to the stigma but failed to reach the base of the style (i.e., total attrition rate). Given that the number of pollen grains deposited and adhering to a stigma might infl uence attrition rates due to positive or negative interactions among germinating pollen grains or competing pollen tubes, we controlled statistically for variation in pollen grains per stigma and in the number of pollen tubes entering the style when examining the direct eff ect of style length on each measure of attrition.
Collectively, our observations were used to address the following questions: (1) Does style length influence the number of pollen grains that arrive and adhere to a stigma? (2) Does the number of TABLE 1. Name, harvest date, sample size ( n ), location, and elevation of the populations of Clarkia unguiculata and C. xantiana subsp. xantiana sampled for the current study. Harvest date categories were used in the ANCOVAs reported here. pollen grains per stigma infl uence pollen attrition rates independent of style length? (3) Is style length positively associated with any of the focal measures of pollen attrition independent of the number of pollen grains per stigma? (4) Is there evidence for resource-or space-limitation within the stigma that limits pollen tube entry into the style when pollen receipt reaches a threshold level?
Species

MATERIALS AND METHODS
Study species -Clarkia (Onagraceae) is a genus of winter annual herbs that includes approximately 41 taxa that fl ower in late spring ( Dudley et al., 2007 ; Delesalle et al., 2008 ; Mazer et al., 2010 ) . Th e species observed in this study, Clarkia unguiculata and Clarkia xantiana subsp. xantiana (hereaft er " unguiculata " and " xantiana ", respectively) are commonly found on steep slopes, trailsides, and road embankments of the oak woodlands, juniper-pinyon pine woodlands, and chaparral of the California Coastal Ranges and southern Sierra Nevada. Th eir distribution was more extensively described by Mazer et al. (2010) . Both of these bee-pollinated taxa produce protandrous and herkogamous flowers that generally avoid autogamous self-pollination ( Delesalle et al., 2008 ) . Mating system estimates obtained from natural populations indicate that both taxa are primarily outcrossing, with xantiana exhibiting slightly lower outcrossing rates near its eastern range limit ( Vasek, 1965 ; Moeller et al., 2012 ) . Stigmas remain receptive for 2-5 d, depending on the timing and intensity of pollination.
Sample collection -During the fl owering seasons of 2009 and 2010, we collected senescing fl owers from haphazardly sampled individuals within four wild populations of each taxon. See Table 1 for population names, GPS coordinates, style harvest dates, and sample sizes for each collection. In 2009, most populations were sampled only once, and 22-38 styles were collected on each visit. Two of six populations, however, were sampled twice in that year ( xantiana at Borel Road and at Sawmill Road), but the data were pooled to create a single harvest date category (2009). In 2010, six of seven sampled populations were visited twice during fl owering. When the length of time between visits exceeded 7 d, the samples were designated as 2010-Early and 2010-Late. When the length of time between visits was less than 7 d, the samples from the 2 d were pooled and included in the same harvest date category (e.g., xantiana styles collected at Borel Road in 2010 were all assigned to the 2010-Late harvest date; n = 59. Th e number of styles collected from each population per harvest date category ranged from 22 to 72.
On the day of sampling, from each population, one senescing stigma and style per plant (along with the attached petals) was collected by severing the ovary ~3 mm below the point where the style entered its tip. Because Clarkia styles begin to desiccate and to droop once stigmas are no longer receptive, spent fl owers were easily distinguishable from receptive female-phase fl owers. Each fl ower was placed into a 1.5 mL microcentrifuge tube containing formalin-acetic acid to arrest pollen tube growth. Microcentrifuge tubes from each population were labeled and sealed in a plastic bag. Th ese bags were stored at room temperature before subsequent processing.
Th e results of a previous fi eld study of unguiculata suggest that by the time that we collected the fully senesced styles ( > 24 h aft er their stigmas had become receptive), all pollen tube growth that would lead to fertilization had already occurred. Németh and Smith-Huerta (2003) recorded pollen deposition and the number of pollen tubes in fi eld collected styles at 6, 24, and 48 h following exposure to open pollination. Th ey found that pollen deposition increased signifi cantly throughout this period. Th e number of pollen tubes in the upper style and lower style, however, did not increase between the 24 and 48-h treatments. By the time we collected the styles in this study, no additional entry of pollen tubes into the ovary would occur.
Sample processing -From each sampled fl ower, the intact style was removed from the terminal end of the ovary by fi rst opening the tip of the ovary to expose the style base. All fl oral parts other than the style were discarded, and the style and stigma were then rinsed twice within the microcentrifuge tube with deionized (DI) water. Pipette tips did not contact the style, and water was released slowly to minimize pollen removal from the stigma. Water was removed from each tube in the same manner. Rinsed styles were then soft ened in 8 M NaOH within the microcentrifuge tubes for 30-40 h. Aft er this period, styles were rinsed twice with DI water and then submerged in a 0.1 N K 2 HPO 4 solution with 0.1% aniline blue fl uorescent stain for 2 h in the dark ( Martin, 1959 ) .
Following fl uorescent staining, each style was placed onto a labeled microscope slide. Each style was straightened, and its length was measured to the nearest 0.5 mm with digital calipers. The stigma was severed from its style by slicing it with a razor blade beneath the stigma lobes; the stigma and style were then gently squashed with a coverslip. Completed slides were then viewed (within an hour) using a 4 ′ ,6 ′ -diamidino-2-phenylindole (DAPI) excitation fi lter on an epifl uorescence microscope (Olympus BX61, 40 × magnifi cation) ( Franklin-Tong, 1999 ) .
Attrition rates -In Clarkia , pollen tubes produce callose plugs at approximately 1-mm intervals along their entire length. We were therefore able to estimate how many pollen tubes had entered each style and how many had reached the ovary by counting the number of callose plugs within the distal and proximal 1-mm ends of the style, respectively.
We used Eq. (1) Pollen deposition -Aft er counting the callose plugs at the tip and base of the style, microscope slides were refrigerated; within 2 weeks of slide preparation, slides were viewed with a dissecting microscope to record the number of pollen grains visible on the stigma. A hemocytometer was placed under the slide to facilitate pollen counting. The pollen grains on each stigma were counted two or three times until a consistent count was achieved; when counts diverged slightly, the mean of three counts was calculated. Th e number of pollen grains per stigma counted here may be an underestimate of the total number deposited because fi xation in FAA and style processing in the laboratory may have dislodged some pollen. Here, we infer that the number of pollen grains observed per stigma represents the number that were well anchored to the stigma, perhaps because they had germinated before style collection.
Testing for interference among male gametophytes -In fi eld populations of unguiculata , Delesalle et al. (2008) found that plants produce a mean of 86 ovules per fl ower among the fi rst fl owers they produce and 68 ovules per fl ower among the last fl owers produced; xantiana fl owers produce a mean of 96 and 68 ovules, respectively, among the fi rst and last fl owers produced. Of the unguiculata fl owers sampled here, 34 stigmas received ≤ 100 pollen grains; in these fl owers, pollen grains and pollen tubes experienced relatively weak competition for access to ovules. Th is result provided the opportunity to assess whether the eff ects of style length on pollen attrition in unguiculata were related to the potential for intense gametophytic competition, which was estimated as the number of pollen grains adhering to the stigma.
Statistical analyses -Pollen grains per stigma:
Eff ects of harvest date and style length-A two-way fi xed eff ect ANCOVA was conducted to evaluate the eff ects of harvest date, style length, and their interaction on the number of pollen grains adhering to the stigmas of unguiculata and xantiana . Each species was analyzed separately; the number of pollen grains per stigma was log 10 -transformed to approach a normal distribution. Harvest date categories included 2009 (all populations pooled because most were sampled only once), 2010-Early, and 2010-Late. Stigmas in each species were also classifi ed by whether they contained < 100 or >100 pollen grains, and then one-way ANOVAs were performed to detect significant differences between these classes with respect to style length.
Pollen attrition rates: Eff ects of harvest date, style length, pollen grains per stigma, and the number of pollen tubes entering the style-To detect the eff ects of style length on pollen attrition rates from the stigma surface to the SSJ, a three-way fi xed eff ect ANCOVA was conducted that included harvest date, style length, pollen grains/stigma, and their interactions. To detect the eff ects of style length on pollen attrition rates from the SSJ to the style base and from the stigma surface to the style base, we used a four-way fixed effect ANOVAs that included harvest date, style length, pollen grains/stigma, the number of pollen tubes at the SSJ and their interactions. Each species was analyzed separately. Th e number of pollen grains per stigma was log 10 -transformed to approach a normal distribution.
To detect the eff ect of pollination intensity on pollen attrition rates from the SSJ to the style base and from the stigma surface to the style base, we used one-way ANOVAs to detect diff erences in attrition rates between stigmas with ≤ 100 or >100 pollen grains. Table 1 for assignments of populations and sampling dates to these categories.
In fi eld populations of unguiculata , we repeated the four-way model described above aft er excluding the samples that received >100 pollen grains. Th e number of stigmas of xantiana with ≤ 100 pollen grains ( n = 26) was not suffi cient to conduct this analysis.
Testing for interference among male gametophytes-Within each taxon and pollination intensity class, we conducted linear regressions of the number of pollen tubes at the SSJ on the number of pollen grains per stigma. Diff erences between the two pollination intensity classes ( ≤ 100 vs. >100 pollen grains/stigma) with respect to the slopes of these lines were assessed to detect evidence of interference or antagonistic interactions among germinating pollen grains. If the slope of the relationship is more positive among lightly pollinated fl owers than among heavily pollinated fl owers, this would indicate that, at high numbers, interference among germinating pollen grains reduces the per capita benefi ts of increased pollen deposition.
Absolute number of pollen tubes entering the style and reaching its base: Eff ects of harvest date, style length and pollen grains per stigma-
Th ree-way fi xed eff ect ANCOVAs were conducted to detect the independent eff ects of harvest date, style length, pollen grains per stigma and their interactions on the number of tubes that reached the SSJ in each species. Fourway fi xed eff ect ANCOVAs were conducted to detect the independent eff ects of these variables and the number of pollen tubes entering the SSJ on the number of pollen tubes reaching the base of the style. In these four-way ANCOVAs, none of the interactions were signifi cant in either species, so the interactions were excluded from the model presented here. All analyses were conducted using the program JMP Pro 11.0.0 (SAS Institute, Cary, North Carolina, USA).
RESULTS
Phenotypic variation in pollen deposition, style length, and attrition rates -Style length showed a high degree of phenotypic variation in both species ( Fig. 1 ) , ranging from 6 to 20 mm in unguiculata and from 8 to 16.5 mm in xantiana . Th e mean number of pollen grains per stigma also varied greatly among individuals and exceeded the mean number of ovules per fl ower in fi eld populations, as reported by Delesalle et al. (2008) . In unguiculata and xantiana , stigmas received a mean of 282.05 ( ± 9.60 SE) and 333.46 ( ± 8.63 SE) pollen grains, respectively ( Fig. 2 ) .
All three estimates of pollen attrition rates exhibited high phenotypic variation among fl owers, spanning from 0 to 1 ( Fig. 3 ) . On average, 53-55% of the pollen grains on the sampled stigmas failed to reach the stigma-style junction (mean attrition rate for unguiculata : 0.55 ± 0.013 SE; xantiana : 0.53 ± 0.012 SE), and 40-47% of the pollen tubes that were visible at the SSJ failed to reach the base of the style (mean attrition rate for unguiculata : 0.47 ± 0.012 SE; xantiana : 0.40 ± 0.011 SE). Th e mean total pollen attrition ratefrom the stigma surface to the base of the style-in unguiculata was 0.78 ( ± 0.007 SE, n = 300) and in xantiana was 0.74 ( ± 0.007 SE, n = 395).
Pollen grains per stigma: Eff ects of harvest date and style length -
In both species, the bivariate relationship between the number of pollen grains per stigma and style length was generally positive, although pollen grains per stigma in unguiculata was infl uenced by a signifi cant style length × harvest date interaction ( Fig. 4 and Table  2A ). Among unguiculata samples collected in 2009, pollen grains per stigma was not associated with style length, while among samples collected both Early and Late in 2010, style length was significantly, positively correlated with pollen grains per stigma. As a result of this interaction, independent of harvest date, style length had a marginally nonsignifi cant eff ect on pollen grains per stigma in unguiculata ( P > 0.0785; Table 2A ). By contrast, style length positively aff ected pollen grains per stigma in all three harvest date classes in xantiana ; we observed a highly signifi cant eff ect of style length on pollen grains per stigma and no signifi cant style length × harvest date interaction ( Table 2B ) . In both species, stigmas with >100 pollen grains were associated with signifi cantly longer styles than those with ≤ 100 pollen grains ( Table 3 ).
Pollen attrition rates: Eff ects of harvest date, style length, pollen grains/stigma, and the number of pollen tubes entering the styleTh e number of pollen grains per stigma had a signifi cant and positive eff ect on all three measures of attrition in both taxa ( Tables 4  and 5 ; Fig. 5 ). By contrast, style length had no signifi cant eff ect on any estimate of pollen attrition independent of the eff ects of harvest date and pollen deposition ( Tables 4 and 5 ).
In unguiculata , consistent with the positive eff ects on attrition of pollen grains per stigma detected by the ANCOVAs ( Table 4 ; Fig. 5A and C ), stigmas with >100 pollen grains exhibited significantly higher rates of attrition from the stigma surface to the SSJ and from the stigma surface to the style base than stigmas with ≤ 100 pollen grains ( Table 3 ) . By contrast, stigmas with >100 pollen grains exhibited a signifi cantly lower rate of attrition from the SSJ to the style base than did stigmas with ≤ 100 pollen grains. In xantiana , the one-way ANOVA detected no signifi cant eff ect of pollen grains per stigma on the attrition rate within the style ( Table 3 ) , in contrast to the ANCOVA ( Table 5 ; Fig. 5D ).
In unguiculata , the relationships between attrition rates and pollen deposition diff ered between the entire data set and the subset of fl owers expected to experience comparatively weak competition among pollen donors (i.e., stigmas that received ≤ 100 pollen grains). Among the latter, the ANCOVA detected signifi cant eff ects of pollen grains per stigma on only one attrition rate (from the SSJ to the style base) (Appendix S1 in Supplemental Data with the online version of this article), and the sign of the pollen deposition eff ect diff ered from the complete data set. Within these fl owers, in contrast to the complete data set ( Fig. 5C ), increased pollen deposition had a negative eff ect on the attrition rate from the SSJ to the style base ( Fig. 6 ) .
In xantiana , similar to unguiculata , stigmas with >100 pollen grains exhibited significantly higher rates of attrition from the stigma surface to the SSJ and from the stigma surface to the style base than did stigmas with ≤ 100 pollen grains ( Table 3 ) . Th ere was no diff erence, however, between pollination intensities in the attrition rate from the SSJ to the style base.
Evidence for interference among germinating pollen grains -In both species, the slope of the regression of the number of pollen tubes that succeeded in reaching the SSJ on pollen grains per stigma diff ered between lightly vs. heavily pollinated stigmas ( Fig. 7 ) . Although in both groups of fl owers, the number of pollen tubes entering the style was positively correlated with pollen deposition, among stigmas with ≤ 100 pollen grains, the slope of the regression was twice that of the slope exhibited among stigmas with >100 pollen TABLE 4. Summary of three-way (for the attrition rate from the stigma surface to the stigma-style junction [SSJ] ) and four-way multivariate models (for other attrition rates) to detect the independent eff ects of harvest date, style length, the number of pollen grains/stigma, the number of pollen tubes at the SSJ, and their interactions on attrition rates in Clarkia unguiculata . The number of pollen tubes at the SSJ was not included in the model for the attrition rate from the stigma to the SSJ, as it is not a useful predictor variable for this step in the attrition process. The number of pollen grains/stigma was log 10 -transformed prior to analysis. SS = sum of squares. grains ( unguiculata slopes: 1.12 ± 0.10 SE vs. 0.51 ± 0.07 SE; xantiana slopes: 0.90 ± 0.26 SE vs. 0.45 ± 0.06 SE).
Eff ect of pollen deposition and style length on absolute pollen success: Number of pollen tubes entering the style and reaching its base -In both taxa, style length had no eff ect on the absolute number of tubes that reached the SSJ ( Table 6 ) or the base of the style ( Table 7 ) , but the number of pollen grains per stigma was signifi cantly and positively associated with the number of pollen tubes reaching the SSJ and the style base ( Fig. 8 ; Tables 6 and 7 ) , independent of harvest date, style length, and the number of pollen tubes at the SSJ.
Eff ect of pollen entry into the style on subsequent attrition and on the number of tubes reaching the style base -In both species, the number of pollen tubes at the SSJ had a negative eff ect on attrition from the SSJ to the style base, independent of variation in style length, harvest date, and pollen grains per stigma ( Fig. 9A and B ; Tables 4  and 5 ). Th is negative eff ect contributed to the positive relationship observed between the number of pollen tubes at the SSJ and the number of pollen tubes at the style base ( Fig. 9C and D ; Table 7 ).
DISCUSSION
Th e high phenotypic variation observed in style length, pollen deposition, and the three measures of pollen and pollen tube attrition in natural populations of both unguiculata and xantiana indicate that these taxa are well suited to studies of the causes and consequences of variation in these fl oral traits. Accordingly, Clarkia has been the subject of several other studies investigating the factors infl uencing pollen deposition and pollen tube attrition. In a survey of four wild unguiculata populations from which stigmas and styles were collected 6, 24, and 48 h aft er receptive fl owers were exposed to pollinators, Németh and Smith-Huerta (2003) observed that levels of pollen deposition at 24 and 48 h (215 ± 11.2 SE and 322.8 ± 15.3 SE grains per stigma, respectively) were similar to the mean levels reported here (282 ± 9.60 SE for unguiculata ; 333 ± 8.63 SE for xantiana ), with pollen deposition increasing with the length of time that fl owers were available for visitation. Th ey then examined each group of fl owers (6-, 24-and 48-h collections) and found that, across these three groups, mean pollen deposition was positively correlated with the mean number of pollen tubes reaching the stigma-style junction and the base of the style, similar to our observations ( Fig. 8 ) . Th ey found no relationship among these groups between mean pollen deposition and the mean pollen tube attrition rate from the stigma-style junction to the base of the style, contrasting with the positive relationships between the number of pollen grains per stigma and the attrition rate that we observed in both unguiculata and xantiana ( Fig. 5 ) . Th e diff erence between their results and ours may have been due, in part, to the fact that they reported associations among the means of the three groups (6 vs. 24 vs. 48 h) rather than by conducting regressions among individual fl owers. Németh and Smith-Huerta (2003) did not investigate the infl uence of style length on pollen deposition or performance, but they did examine seedling performance and detected no relationship between pollen deposition and seedling vigor, which they reasonably interpreted to mean that the intensity of pollination ) and four-way multivariate models (for other attrition rates) to detect the independent eff ects of harvest date, style length, the number of pollen grains/stigma, the number of pollen tubes at the SSJ, and their interactions on attrition rates in Clarkia xantiana subsp. xantiana . The number of pollen tubes at the SSJ was not included in the model for the attrition rate from the stigma to the SSJ, as it is not a useful predictor variable for this step in the attrition process. Pollen grains/stigma was log 10 -transformed prior to analysis. SS = sum of squares. experienced over 48 h did not aff ect the effi cacy of gametophytic selection.
In another study of the factors infl uencing pollen performance in Clarkia , Smith-Huerta (1997) observed pollen tube attrition in the stigmas and styles of a selfi ng and an outcrossing population of C. tembloriensis ; both populations exhibited high attrition rates from the stigma to the stigma-style junction (59% and 83.5% attrition in the selfi ng vs. outcrossing populations, respectively). Only the outcrossing population, however, exhibited additional attrition as pollen tubes grew from the style's tip to its base (as reported here for both unguiculata and xantiana ).
The evolutionary signifi cance of variation in style length -In the Clarkia populations sampled here, long styles functioned to increase pollen deposition, which could have been achieved in several ways. First, long styles might place the stigmatic surface in a location that increases contact between stigmas and the pollen-bearing parts of insect visitors' bodies. Second, style length may be positively correlated with other fl oral traits that promote insect visitation and pollen deposition, such as petal size. Th ird, style length could be positively correlated with the duration of stigma receptivity and/or with the number of pollinator visits received before style senescence, both of which may increase pollen receipt. Given the positive relationship in both taxa between the number of pollen grains per stigma and the number of pollen tubes reaching the style base ( Fig. 8C and D ) , increases in pollen deposition in these taxa may in turn increase fertilization rates (especially since the mean number of tubes reaching the style base did not exceed the mean number of ovules per ovary).
Although, based on attrition rates, we found no evidence that style length directly infl uenced the intensity of competition or selection among male gametophytes in unguiculata or xantiana , style length was positively associated with pollen deposition which, in turn, was positively associated with all three attrition rates observed in both taxa ( Fig. 5 ) . Th e positive correlation between style length and the number of pollen grains adhering to the stigma may result in a greater opportunity for selection among male gametophytes in FIGURE 5 Relationships between attrition rates and the number of pollen grains per stigma among fi eld-collected senesced fl owers of Clarkia unguiculata and C. xantiana subsp. xantiana . In (A) and (B), the variables are adjusted for the eff ects of harvest date, style length, and the interaction between them. In (C-F), the variables are adjusted for the eff ects of harvest date, style length, the number of pollen tubes at the stigma-style junction (SSJ), and the interactions among them. Tables 4 and 5 report the independent eff ects of each variable on attrition rates. In each panel, the solid line represents the slope of the direct relationship between the attrition rate and pollen deposition; the dotted lines represent the 95% confi dence interval.
fl owers with relatively long styles. Large pollen loads may result in higher rates of pollen germination success than small ones (e.g., Brewbaker and Majumder, 1961 ) , and subsequent selection among male gametophytes may be particularly strong as pollen tubes grow from the stigma to the upper style ( Erbar, 2003 ; Lubliner et al., 2003 ; Stephenson et al., 2003 ) . Consequently, plants with relatively long styles could benefi t if receiving more pollen increases seed quality by increasing selection against poor quality male gametophytes during pollen germination and penetration of the stigma. Even in the absence of such selection, in both species we detected a concrete advantage to receiving more pollen; the number of pollen grains adhering to the stigma is positively correlated with the number of pollen tubes reaching the style entrance and the style base ( Fig. 8 ) . Moreover, as the number of tubes reaching the style entrance increased, the attrition rate within the style signifi cantly declined independent of variation in style length ( Fig. 9A and B ) ; either the genetic quality of the pollen tubes entering the style or maternal resources for pollen tube growth may be elevated with increasing numbers of pollen tubes entering the style.
In both taxa, fl owers that received >100 pollen grains had longer styles and higher attrition rates from the stigma to the SSJ and from the stigma to the style base than those receiving ≤ 100 grains ( Table  3 ) . Th is pattern is consistent with the inference that the opportunity for gametophytic selection is a function of style length. Interestingly, in unguiculata , the attrition rate within the style-from the SSJ to the style base-was higher in fl owers that received ≤ 100 pollen grains than in fl owers that received >100 pollen grains, in spite of the fact that the styles were shorter in the former ( Table 3 ) . Th ere are two nonmutually exclusive explanations for this relationship. First, in stigmas with >100 pollen grains, selection may have been suffi ciently strong before the pollen tubes entered the style that their genetic quality at the stigma-style junction was higher than those entering the style of lightly pollinated stigmas, resulting in lower attrition rates. Second, the provisioning of pollen tubes by the maternal tissue may have been of higher quality when more pollen tubes entered the style. In xantiana , however, there was no diff erence between the two classes of pollination intensity in the attrition rate from the SSJ to the style base ( Table 3 ) .
Th e independence between style length and attrition rates observed here could also have been a result of where in the style most attrition occurs. If most attrition occurs before the pollen tubes reach 10 mm in length, for example, then the remaining length of the styles would not play a direct role in gametophytic selection, and longer styles could not be supposed to provide this function. Nevertheless, while attrition rates were not directly aff ected by style length in this study, we cannot rule out the possibility that the genetic quality of the pollen tubes that reached the style base was related to style length. Examining the quality of seeds produced as a function of style length would be necessary to explore this possibility.
Evidence for competition among male gametophytes for access to the style -In the current study, in both species, the mean number of pollen grains per stigma and the mean number of pollen tubes observed in the SSJ exceeded the mean number of ovules per fl ower reported by Delesalle et al. (2008) ( Fig. 2 ) . Moreover, in 2010, fl owers produced fewer than 100 ovules on average (mean = 74.13 ± 0.80 SE, n = 456; and 81.06 ± 0.89 SE, n = 406 in unguiculata and xantiana populations, respectively; A. A. Hove et al., unpublished manuscript), indicating that competition among male gametophytes for access to ovules may regularly occur in these fi eld populations. Th e numbers of pollen grains per stigma reported here may underestimate the number of pollen grains deposited, as some may have washed off during the style preparation process. Any grains that did wash off , however, probably either had not germinated or had not produced pollen tubes that were well anchored in the FIGURE 6 Relationship between the attrition rate within the style and the number of pollen grains deposited per stigma among Clarkia unguiculata fl owers receiving ≤ 100 pollen grains, controlling for the eff ects of harvest date, style length, the number of pollen tubes at the SSJ, and the interactions among them. The solid line represents the slope of the direct relationship between pollen deposition and the attrition rate, independent of the other variables in the model; the dotted lines represent the 95% confi dence interval.
FIGURE 7
Linear regressions of the number of pollen tubes reaching the stigma-style junction (SSJ) on the number of pollen grains per stigma, for stigmas receiving ≤ 100 pollen grains (blue points) and >100 pollen grains (red points). Solid lines represent the least square regression slopes; shaded areas represent the 95% confi dence intervals of each regression line. stigma and therefore would not have contributed signifi cantly to competitive interactions involving access to the style. Conversely, if groups of pollen grains were deposited in successive events as a result of multiple pollinator visits, with the fi rst ~100 pollen grains arriving an hour or more before the remaining pollen, then the pollen tubes that reached the base of the style would have experienced Summary of multivariate model to detect the independent eff ects of harvest date, style length, the number of pollen grains per stigma, and the number of pollen tubes at the stigma-style junction (SSJ) on the number of tubes that reach the base of the style among fl owers of (A) Clarkia unguiculata and (B) C. xantiana subsp. xantiana . Only main eff ects were included because none of the interactions were signifi cant. Number of pollen grains per stigma was log 10 -transformed before analysis. SS = sum of squares. much less competition than implied by the ratio of the mean number of pollen grains per stigma to the mean number of ovules per ovary. In short, the number of pollen grains observed per stigma may not be a good measure of the realized intensity of gametophytic competition ( Mulcahy and Mulcahy, 1987 ) . Th e number of pollen tubes that reach the SSJ is a more reliable indicator of the potential strength of pollen competition ( Herrera, 2002 ( Herrera, , 2004 , and in both taxa this exceeded the number of ovules available for fertilization reported by Delesalle et al. (2008) and A. A. Hove et al. (unpublished data) ( Fig. 2 ).
Pollen attrition rates vs. pollen grains per stigma -We consistently found that the number of pollen grains adhering to the stigma positively aff ects all three rates of attrition ( Fig. 5 ) , independent of variation in style length and the number of pollen tubes entering the style ( Tables 4 and 5 ) . Th e timing of pollen deposition, however, may have played a role in generating these relationships. If stigmas with relatively high pollen loads received pollen over a longer time period than lightly pollinated stigmas, then some portion of their pollen may have arrived aft er the stigma began to wilt or the stylar resources had been depleted. Th is pattern of pollen receipt would generate a positive association between pollen grains per stigma and subsequent attrition rates. In this study, however, the number of pollen grains per stigma was also positively associated with the number of pollen tubes entering the SSJ and the number arriving at the style base. So, the higher attrition rates observed in heavily pollinated fl owers could not have been due entirely to the late arrival of "extra" but ineff ective pollen to unreceptive stigmas or styles. Moreover, the positive relationship between pollen grains per stigma and attrition in the style was independent of the number of pollen tubes entering the style ( Tables 4 and 5 ); the quality of the male gametophytes entering the style and/or the quality of the transmitting tissue in the style appeared to be infl uenced by the number of pollen grains deposited.
Interference among male gametophytes and the importance of the stigma-style junction -We observed that the positive eff ect of the number of pollen grains per stigma on the number of pollen tubes entering the style was weaker among fl owers with high pollen loads (>100 grains) than among those with ≤ 100 pollen grains. As the number of pollen grains adhering to the stigma exceeded 100, the per capita success rate in entering the style diminished ( Fig. 7 ) . Th is pattern suggests that crowding and/or antagonistic interactions among pollen grains or tubes limit the benefi ts of increased pollen deposition among the more heavily pollinated fl owers. Antagonistic interactions among mixtures of unguiculata pollen from diff erent donors were detected by Németh and Smith-Huerta (2002) , corroborating this possibility. Alternatively, the composition of the pollen load, with respect to the proportions of self pollen and/or pollen from donors at diff erent distances from the recipient plant, may have varied with the size of the pollen load, which could have infl uenced attrition rates ( Cruzan, 1990 ) . In either case, successful penetration of the stigma-style junction is clearly an important barrier to overcome for pollen that has arrived on a stigma, and this achievement appeared to become less likely per pollen grain as pollen deposition exceeded 100 grains. A caveat, however, is that this pattern could simply be a result of heavily pollinated stigmas receiving a higher proportion of their pollen relatively late, when the stigma was no longer maximally receptive.
Style length and pollen receipt in other taxa -Positive eff ects of style length on pollen receipt or on the number of pollen tubes found in the style have been reported in other species. In a study of natural populations of Prunella grandifl ora , Bernasconi et al. (2007) found that style length and the number of pollen tubes in the style were positively correlated; moreover, in one of the eight populations surveyed, the number of pollen tubes was positively correlated with seed set, demonstrating an indirect positive eff ect of style length on fertility per fruit. In a manipulative experiment, Cresswell (2000) investigated the relationship between stigma height and pollen receipt in Brassica napus ; he increased phenotypic variation in stigma height by replacing a portion of the pistil with fi ne wire, and then measured pollen receipt across the enhanced range of stigma heights that he created. Th is method enabled him to detect stabilizing selection on stigma height (using pollen deposition as a fi tness estimate), a pattern of selection that can maintain phenotypic variation in stigma height, whether it is controlled by pistil length or by style length.
Th e observation that relatively long styles receive more pollen than comparatively short ones does not necessarily mean that seed production or off spring quality will be higher as well, although numerous manipulative studies have found that high pollen deposition can have this eff ect (see Baskin and Baskin, 2015 for a recent review and for counter-examples). For example, Björkman (1995) found that high pollination intensity in Fagopyrum esculentum resulted in more successful pollen tube development, in higher seed set, and in larger, more vigorous seedlings (but not larger seeds). Jóhannsson and Stephenson (1997) found that higher pollen loads improved progeny vigor in Cucurbita texana . Mitchell (1997) reported that, in Lesquerella fendleri , high pollen loads resulted in higher seedling emergence and survival than low pollen loads did. In Pyrus pyrifolia , higher pollen density on the stigma surface gave rise to higher rates of pollen germination and faster pollen tube growth and also resulted in higher proportions of viable seed, higher fruit growth rates, higher fruit set, and larger fruit size ( Zhang et al., 2010 ) . Marshall et al. (2007) reported that, following hand pollinations of Raphanus sativus with mixed-donor pollen loads (all of which greatly exceeded the number of ovules per pistil), the smallest pollen loads resulted in lower seed production per fruit than did larger loads, but pollen load size did not infl uence the relative success of diff erent pollen donors.
While larger pollen loads may allow fertilization by only the fastest pollen tubes and result in higher quality seeds than smaller pollen loads, this does not inevitably mean that the fastest-growing pollen tubes express genes that directly affect seed quality. An alternative explanation is that maternal provisioning favors ovules and seeds that are fertilized first ( Delph et al., 1998 ) . If heavily pollinated stigmas include a higher number of fast-growing tubes than lightly pollinated ones, then the resulting ovaries may, on average, contain more ovules that are fertilized relatively early and receive the benefits of preferential maternal provisioning.
Limitations of the current study -Three aspects of the current study constrain our ability to interpret the direct effect of style length on pollen attrition and on the intensity of male gametophytic competition. First, while longer styles generally received more pollen than shorter ones in the Clarkia populations surveyed here, we do not know the schedule of pollen arrival or germination. Late-arriving or late-germinating pollen grains that initiate pollen tube growth much later than early-arriving ones may not, in a practical sense, directly compete with the latter for access to ovules ( Th omson, 1989 ) . When, on a given stigma, variation in the time of pollen arrival or germination is suffi ciently high, the number of pollen grains observed on the stigma provides an inaccurate estimate of the intensity of pollen competition and of the strength of selection on germination speed or pollen tube growth rate ( Mulcahy and Mulcahy, 1987 ) . Second, we did not measure seed production or seed quality among the fruits that developed from the fl owers sampled here; this is an essential step for making unambiguous inferences regarding the putative fi tness benefi ts of both high pollen receipt and strong competition among pollen tubes before or aft er entry into the style.
Even in the absence of an eff ect of style length on attrition rates, style length may aff ect the strength of selection. Th at is, the quality of the pollen genotypes that reached the ovary or fertilized the ovulesneither of which were measured here-could have been a function of style length. Other studies have detected positive relationships between pollen loads and off spring quality (e.g., Björkman, 1995 ; Johannson and Stephenson, 1997 ; Mitchell, 1997 ; Kalla and Ashman, 2002 ; Baskin and Baskin, 2015 ) , as well as positive associations between the distance traveled by pollen tubes and progeny vigor ( Mulcahy and Mulcahy, 1975 ; McKenna and Mulcahy, 1983 ) .
A third limitation is that we did not measure other fl oral traits that may be correlated with style length and have direct eff ects on The relationship between the number of pollen tubes at the style base and the number of pollen tubes at the stigma-style junction (SSJ). Variables are adjusted for the eff ects of harvest date, style length, the number of pollen grains per stigma, and the interactions between them. In each panel, the solid line represents the slope of the direct relationship between the number of pollen tubes at the SSJ and the dependent variable, independent of the other variables in the model; the dotted lines represent the 95% confi dence interval. Tables 4 and 5 report the independent eff ects of the number of pollen tubes at the SSJ on attrition rates and Table 7 reports the independent eff ects of the number of pollen tubes at the SSJ on the number of tubes at the style base.
pollen deposition. For example, petal area and the total number of open fl owers are both likely to positively infl uence pollinator visitation rates, thereby aff ecting pollen deposition (e.g., Johnson et al., 1995 ) . In addition, stigma surface area and the duration of stigma receptivity are likely to be positively correlated with the number of pollen grains observed on senescent stigmas. If these traits are positively correlated with style length, then the putative eff ects of style length on pollen deposition presented here may actually be caused by these correlated traits.
CONCLUSIONS
Longer styles received more pollen than shorter ones in natural populations of the two Clarkia taxa examined here, yet the longer distance traveled by pollen tubes in the former did not directly cause higher rates of pollen attrition. Nevertheless, style length could aff ect off spring quality if the strength of selection among pollen genotypes is stronger in long styles, even in the absence of direct eff ects on attrition rates. Furthermore, given that style length may infl uence other processes such as the timing of pollen deposition relative to the loss of stigma receptivity or the availability of resources within the style, observations of the timing of pollen receipt in wild populations can shed further light on the functional significance of style length. Finally, experimental work should be designed to detect both the direct and the antagonistic or synergistic eff ects of petal area (and other traits that may aff ect pollinator visitation rate or effi cacy), style length and pollen deposition on the quality of the resulting off spring. While stronger gametophytic selection has been predicted to result in higher quality off spring, the adaptive signifi cance of variation in style length under fi eld conditions can only be detected when its infl uence is isolated from the direct and indirect eff ects of correlated traits.
